In order to study disease resistance mechanisms in rice against the rice blast fungus Magnaporthe grisea, we screened fungal elicitor-responsive genes from rice suspension-cultured cells treated with fungal elicitors employing differential hybridization (DH). By DH screening, 31 distinct rice clones were isolated and a majority of them were full-length cDNAs encoding pathogenesisrelated (PR) genes. Sixteen of the 31 genes were upregulated at 4, 8, and 12 h following fungal elicitor treatment. To elucidate the effect of signal molecules and biotic elicitors on the regulation of rice defense genes, we further characterized the transcriptional expression patterns of representative isolated PR genes; OsGlu1, OsGlu2, OsTLP, OsRLK, and OsPR-10, following treatment with fungal elicitor, phytohormones, cycloheximide, and inhibitors of protein phosphorylation. Jasmonic acid (JA) induced transcriptional expression of OsGlu1, OsTLP, and OsRLK, but not of OsGlu2 and OsPR-10 at any of the tested time points. Salicylic acid (SA) and abscisic acid weakly induced the expression of OsTLP and OsRLK. SA showed an antagonistic effect with fungal elicitor and JA. Cycloheximide suppressed all these genes upon elicitor treatment, except for OsGlu2. Staurosporine only induced the expression of OsRLK. Application of calyculin A strongly induced OsRLK expression, but suppressed the expression of OsGlu2. Our study yielded a number of PR genes that play a role in defense mechanisms against the rice blast fungus, as well as contribute towards the elucidation of crosstalk between phytohormones and other modifications during defense signaling.
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Keywords : differential hybridization, elicitor, pathogenesisrelated genes, rice suspension-cultured cells Magnaporthe grisea, which is the causal agent of rice blast, causes one of the most devastating diseases in rice (Hamer and Talbot, 1998; Kim et al., 2001) , and is a very serious problem in rice-growing regions of the world (Talbot, 2003) . Every year, rice blast epidemics have the potential to adversely affect rice yields which feed over sixty million people globally. To overcome this disease, identifying genes that can defend against fungal biotic stress would be of great value. This can be achieved by investigating various defense mechanisms in rice such as changes in ion fluxes, reactive oxygen species, phytoalexins, pathogenesisrelated (PR) genes and phytohormones (Dixon and Lamb, 1990; Shinozaki and Yamaguchi-Shinozaki, 2000; Staskawicz et al., 1995) . Studying host gene expression levels in response to M. grisea infection is critical to understand the regulation of defense mechanisms. Even though many disease resistance genes have been cloned in rice, very little has been reported about crosstalk with fungal elicitor and/or phytohormones in rice.
The signal transduction network that is regulated PR genes is comprised of several interacting pathways. The salicylic acid (SA) and jasmonic acid (JA) pathway that is induced by pathogens results in the production of endogenous SA and JA, which then act as signal molecules leading to the transcriptional induction of several PR genes (Kunkel and Brooks, 2002; Thomma et al., 2001 ). However, JA and SA showed an antagonistic role in defense regulation and both of them are essential for pathogen resistance (Truman et al., 2007) . Recently, it was reported that SA strongly suppressed the JA-dependent pathway in Arabidopsis (Koornneef et al., 2008) . ABA is also an essential hormone in plant resistance to pathogens, affecting JA biosynthesis as well as activating aspects of the defense response (Adie et al., 2007) , and consequently playing an important role in development, biotic and abiotic stresses (Acharya et al., 2009; Bari et al., 2009; Seo et al., 2009) .
In previous studies, several PR proteins and genes were investigated by proteomics and SAGE analysis, respectively, in both rice leaves and suspension-cultured cells (SCCs) (Kim et al., 2003b (Kim et al., , 2004a (Kim et al., , 2008a ). The PR genes tested showed a different response to pathogen attack and hormone treatments (Kim et al., 2003b (Kim et al., , 2004a . However, despite studies on these proteins or genes, the molecular mechanisms underlying the elicitor-mediated signal transduction pathway is not yet fully understood in rice SCCs. The SCCs system has been developed to monitor the change of gene or protein expression levels under selected stresses compared to the whole plant.
In this report, phage-based cDNA differential hybridization (DH) in combination with isotope labeling enabled the successful isolation of 31 genes induced by fungal elicitor in rice SCCs. Among the 31 isolated genes, the transcript levels of 16 genes were increased by treatment with fungal elicitor. We also investigated the crosstalk between fungal elicitor, phytohormones, and chemical inhibitors through transcriptional analysis of OsPR-10, OsGlu1, OsGlu2, OsTLP, and OsRLK in rice SCCs. Fungal elicitor, phytohormones, and chemical inhibitors were applied to rice SCCs independently or in combination to confirm the regulation of PR genes by Northern blot analysis.
Materials and Methods
Plant materials. Mature rice seeds (Oryza sativa L.cv. Jinheung) were obtained from the National Yeongnam Agricultural Experimentation Station (Miryang, Korea). The dehulled seeds were sterilized in 70% ethanol for 10 min and 3% sodium hypochlorite for 30 min, followed by extensive rinsing in sterile water 5 times. Sterilized seeds were placed on N6 medium to induce callus (Ohira et al., 1973) , which were subcultured at weekly intervals in N6 suspension medium with shaking at 100 rpm in the dark at 25 o C. All treatments on SCCs were performed after 2-3 days following subculture in fresh medium.
Preparation of fungal elicitor. Conidia were prepared according to the method described by Kim et al. (2004b) . Mycelia of rice blast fungus (race KJ401), which is incompatible in the rice cv. Jinheung, was used. Briefly, the mycelia was macerated, homogenized in 50 mM sodium acetate buffer (pH 4.5), sonicated, and centrifuged. The pellet was homogenized again in 0.1 M borate buffer (pH 8.8), autoclaved, and the supernatant was extensively dialyzed in distilled water at 4 o C and freeze-dried. Reducing sugar was determined by the dinitrosalicylic acid method using glucose as the standard. The rice calli (approx. 500 mg fresh weight) were suspended in 5 ml of N6 suspension medium in six-well plates and subsequently treated with 50 mg/ml (glucose equivalent) fungal elicitor.
Rice callus λZAP II cDNA library construction. Fourday old rice SCCs were treated with fungal elicitor of 50 mg/ml for 8 h and harvested by filtration and frozen in liquid nitrogen. Total RNA was isolated by the phenol/ chloroform extraction method (Kim et al., 2008a) . Poly (A) mRNA was purified on oligo-d(T) cellulose columns (Amersham, USA). The mRNA was used to generate a cDNA library in the λZAP II vector (Stratagene, USA) following the manufacturer's specification.
Phage-based cDNA differential hybridization (DH) screening. To isolate fungal elicitor-induced genes, the phagebased cDNA library from mRNA extracted from SCCs treated with fungal elicitor was plated on E. coli XL1-Blue MRF to a density of 2-500 plaques per petri dish and blotted on a nitrocellulose membrane from the library. The nitrocellulose membranes were hybridized with 3 2 P-labeled control cDNA probe. For decreasing the false positives, hybridization was repeated with 3 2 P-labeled control cDNA probe using isolated negative plaques. These isolated negative plaques were subjected to in vivo excision to produce the pBluescript SK + plasmid clones (Fig. 1) .
Chemical treatments. The callus was treated with 50 µg/ Northern blot analysis. Aliquots of total RNA (20 µg) were separated on a 1.2% (w/v) formaldehyde-agarose gel and transferred onto a nylon membrane (Hybond-N + , Amersham, USA). After transfer, RNA was cross-linked to the nylon membrane by UV, and used in Northern blot analysis. Hybridization was carried out with 3 2 P-labeled cDNA probe by using the Prime-a-Gene labeling system (Promega, Madison, USA). After hybridization in 65 o C for 12 h, the membranes were washed with 2 × SSC containing 0.1% (w/v) SDS for 30 min, followed by additional washing with 0.2 × SSC containing 0.1% (w/v) SDS for 10 min. The signals were detected after exposure on X-ray film (Fuji, Japan) for 3 days at −80 o C.
Results and Discussion
Isolation of rice blast fungal elicitor-induced genes by phage-based cDNA DH library. To isolate the fungal elicitor-induced genes, we used a phage-based cDNA DH library. First, we optimized the cDNA library DH conditions. Nitrocellulose membranes blotted from fungal elicitor treated cDNA library plaques were hybridized with ing negative plaques as shown in Fig. 1 . Among 10,000 cDNA library plaques, 31 clones which were induced by fungal elicitor were isolated. Then we sequenced the clones and conducted a homology search using BLAST, NCBI. Sequence analysis indicated that these 31 clones belonged to pathogen-related (PR) genes or other relatively abundant genes ( Table 1 ). The use of phage-based cDNA DH technology allowed us to successfully isolate a large number of PR genes induced by rice fungal elicitor.
Northern blot analysis of fungal elicitor-induced genes.
To confirm expression patterns, Northern blot analyses were performed individually with each of the 31 genes. Of these, 16 genes had highly elevated and rapidly induced transcript levels at 4, 8, and 12 h after treatment with fungal elicitor (Fig. 2) . Representative fungal elicitor-induced genes were receptor-like protein kinase (OsRLK, Ca2), pathogen-related protein 10 (OsPR-10, Ca6), thaumatinlike protein (OsTLP, Ca7), β-1,3-glucanase 1 (OsGlu1, Ca9), β-1,3-glucanase 10 (OsGlu10, Ca16), and β-1,3-glucanase 2 (OsGlu2, Ca22) ( Table 1 , Fig. 2) . In previous reports, OsRLK and OsTLP were identified as secreted proteins in rice SCCs treated with the rice blast fungus Magnaporthe grisea and its elicitor using secretome analysis (Kim et al., 2009 ) and also highly induced in the incompatible interaction, compared to the compatible interaction (Kim et al., 2004a) . OsPR-10 was expressed in developmental tissues, including the flower and root (Kim et al., 2008b) and was also expressed under environmental stresses such as rice blast fungus/fungal elicitor, wounding, senescence, and phytohormone application (Kim et al., 2003b (Kim et al., , 2004a (Kim et al., , 2008b . Finally, plant β-1,3-glucanases are extracellular hydrolytic enzymes found widely in many plant species and were induced by various pathogens and phytohormones as well as during developmental events (Hwang et al., 2007) . In addition, based on 2-DE and Northern blot analyses, OsGlu1 and OsGlu2 were constantly induced both in the resistant and susceptible response against rice blast fungus attack in rice leaves (Kim et al., 2004a) . However, despite studies of these proteins, there is no information available on the modulation of these PR genes in signal transduction pathways in SCCs.
Rice PR genes were differentially regulated by fungal elicitor, JA, SA, and ABA. To understand the signal transduction pathways that lead to activation of the PR genes, we examined the effect of a fungal elicitor and the phytohormones JA, SA, and ABA on the transcriptional expression of OsPR-10 (Ca6), OsGlu1 (Ca9), OsGlu2 (Ca22), OsRLK (Ca2), and OsTLP (Ca7) in SCCs by Northern blot analysis (Fig. 2 and Fig. 3 ). The possible interactions between elicitor and phytohormones on the transcript levels of PR genes were investigated by applying elicitor and/or phytohormones, either independently or in various combinations to rice SCCs (Fig. 3) . Northern blot analysis showed that fungal elicitor strongly activated transcriptional levels of these PR genes within 8 h (Fig. 2 and Fig. 3, lanes 3 and 4) compared to the control (Fig. 2 and Fig. 3, lanes 1 and 2) . The transcript levels of OsGlu2, TLP, and OsPR-10 were increased at 4 h and slightly decreased at 8 h, whereas OsGlu1 gradually increased over time. OsRLK was at the same transcript levels at both 4 h and 8 h after treatment with fungal elicitor (Fig. 3, lanes 3  and 4) . These results suggest that they can be used as molecular probes to further study elicitor-mediated signal transduction pathways.
The transcript levels of OsGlu1, OsTLP, and OsRLK were induced by application of JA (Fig. 3, lanes 5 and 6) , and weakly induced by treatment with SA (Fig. 3 , lanes 7 and 8) and ABA (Fig. 3, lanes 9 and 10) , respectively. However, OsGlu2 and OsPR-10 were not induced by these phytohormones (Fig. 3, lanes 5-10) . These transcriptional expression patterns were consistent with protein expression patterns characterized by proteomic analysis in rice leaves after treatment with rice blast fungus or phytohormones (Kim et al., 2004a) . OsPR-10 and OsGlu2 were slightly induced by each of the hormones in rice SCCs (Fig. 3,  lanes 5-10) . This result also was consistent with protein expression patterns reported by Kim et al. (2003b) using rice SCCs. However, protein expression levels of OsPR-10 and OsGlu2 were highly induced by JA in rice leaves (Kim et al., 2004a) . This difference may be attributed to different tissues and organs having different sensitivities to both hormones.
SA and JA are involved in two major defense signaling pathways (Kunkel and Brooks, 2002) , SA-dependent signaling pathways are effective against biotrophic fungi, bacteria and viruses, whereas SA-independent signaling pathway, which involves JA and ET, are predominantly effective against necrotrophic pathogens such as insects (Murray et al., 2002) . However, M. grisea belongs to the hemibiotrophic pathogens, combining biotrophic and necrotrophic features (Perfect and Green, 2001; Munch et al., 2008) , suggesting that these pathways are complicated crosstalk via both positive and negative effect mechanisms, controlling its defense responses according to the nature of the invading pathogen. Taken together, these data suggested that JA, SA, and ABA play a complex role for the induction of PR genes in rice SCCs.
SA suppresses fungal elicitor-or JA-induced transcriptional up-regulation of PR genes. Plant phytohormones play different roles in stress responses. They showed crosstalk between each other and fungal elicitors in previous studies (de Torres-Zabala et al., 2009; Flors et al., 2008) . Interestingly, the fungal elicitor-induced transcript levels of PR genes were strongly inhibited by co-treatment with SA (Fig. 3, lanes 11 and 12) , but only slightly affected by cotreatment with ABA when compared to fungal elicitor alone (Fig. 3, lanes 13 and 14) . SA also significantly blocked the transcript levels of OsGlu1, OsTLP, and OsRLK activated by JA (Fig. 3, lanes 15 and 16) . Exogenous ABA slightly affected transcript levels of PR genes induced by JA (Fig. 3, lanes 17 and 18) , and coapplication of SA and ABA did not interfere with the expression level of these PR genes (Fig. 3, lanes 19 and 20) . Several genetic studies have showed evidence that SA antagonizes JA signaling in Arabidopsis thaliana (Durner et al., 1997) and tomatoes (Doares et al., 1995) . JA, SA, and ABA are known to induce several PR genes, OsPR1a, OsPR1b, and OsPR10, but these transcripts induced by JA were down-regulated when SA and ABA were used simultaneously (Agrawal et al., 2000a, b; Rakwal et al., 2001) . SA has been also shown to act synergistically with ET or JA to activate PR gene expression (Gu et al., 2000; Xu et al., 1994) . However, several defense responses are regulated by ET and JA-dependant pathways (Dong 1998; Turner et al., 2002) . This suggested that OsGlu1, OsTLP, and OsRLK appear to belong to JA-dependent signaling pathway because of antagonistic effect between JA and SA. But it also seems to JA play a minor role in signaling pathway to induce PR gene and SA involves in inducing these genes independently.
Transcriptional regulation of PR genes by inhibitors.
There is very limited information available on the signal transduction pathways of PR genes as they respond to biotic stresses. To understand how signal transduction is regulated, we co-applied several chemical inhibitors with fungal elicitors, including cycloheximide (CHX), staurosporine (Stau.), calyculin A (Cal A), and calcium ionophore A23187. After applying these chemicals independently or in combination with fungal elicitor to the SCCs, the expression profiles of PR genes were confirmed by Northern blot analysis. All chemical inhibitors were pre-inoculated 1 h prior to addition of the fungal elicitor, and each sample was harvested at 4 and 8 h post elicitor treatment. To investigate whether de novo synthesis of protein is required for induction of the PR genes by elicitor, we applied CHX to SCCs, which is a eukaryotic protein synthesis inhibitor. CHX strongly inhibited all transcript levels of PR genes in response to fungal elicitor, except for OsGlu2 (Fig. 4 , lanes Fig. 3 . Northern blot analyses of the OsGlu1, OsGlu2, OsTLP, OsRLK, and OsPR-10 transcripts in SCCs treated with elicitor and phytohormones. The cultured cells were either treated (+) or untreated (−) with fungal elicitor (50 µg/ml), JA (250 µM), SA (5 mM), and ABA (200 µM), separately or simultaneously. Total RNA (20 µg) was extracted from SCCs inoculated with fungal elicitor and/or phytohormones. Each RNA sample was separated on a 1.2% (w/v) formaldehyde-agarose gel and transferred onto a nylon membrane. The membranes were hybridized with the OsGlu1, OsGlu2, OsTLP, OsRLK, and OsPR-10 probed labeled with 5 and 6). This result indicated that the de novo synthesis of OsPR-10, OsGlu1, OsTLP, and OsRLK proteins but not OsGlu2 is required.
PR gene expression was partially regulated by phosphorylation and dephosphorylation. In plant defense, protein phosphorylation and dephosphorylation is essential for pathway activation (Jonak et al., 2002; Ligterink et al., 1997) and protein kinase and phosphatase inhibitors have been used to explain the mechanisms of plants responses to stress (Rojo et al., 1998) . We used specific inhibitors of protein kinases and phosphatases to examine whether phosphorylation or dephosphorylation events affect PR gene expression. Staurosporine, which was used as a serine/ threonine protein kinase inhibitor, was applied together with fungal elicitor to the callus. Only the OsRLK was upregulated by staurosporine at 4 h (Fig. 4, lanes 7 and 8) .
Other PR genes were slightly influenced by staurosporine at 8 h compared to fungal elicitor alone (Fig. 4 , lanes 7 and 8). We also treated the calli with elicitor as well as the inhibitor of protein phosphatase 1 and 2A, Calyculin A. The expression of OsGlu2 was suppressed, but OsRLK expression was strongly induced (Fig. 4, lanes 9, 10) . These results indicated that the transcriptional regulation of PR genes by the elicitor was influenced differentially by either the protein kinase inhibitor or the phosphatase 1 and 2A inhibitors. This is contrary to several other PR-proteins that are induced by phosphatase inhibitors (Agrawal et al., 2000a) .
Calcium signaling showed crosstalk with defense regulation pathways. Calcium signaling is related to biotic or abiotic stress responses and development in various plants (Li et al., 2008; Song et al., 2008 ). Since in vivo calcium level changes have been reported to play an important role in defense signaling in plant cells, we investigated the role of calcium on PR gene expression. Treatment with 10 mM calcium and a calcium ionophore, A23187 (Ca 2 + /A23187), both activated the expression of OsGlu2, OsTLP, and OsRLK, even in the absence of the fungal elicitor (Fig. 4,  lanes 11 and 12) . This indicated that calcium actively participated in the induction of PR genes, but the transcript levels of OsGlu1 and OsPR-10 were not accumulated by Ca 2 + /A23187 as shown in Fig. 2 (Fig. 4, lanes 11 and 12) . These results suggest that calcium ions are involved in a complex signal transduction pathway for elicitor perception and activation of individual genes.
Conclusions
In conclusion, we successfully isolated 31 fungal elicitorresponsive genes from SCCs treated with rice fungal elicitor employing the DH method. Among 31 genes, the transcript level of sixteen genes was increased at 4, 8, and 12 h following fungal biotic stress (Table 1, Fig. 2) . In order to investigate the signal transduction pathways that lead to the activation of PR genes, we selected five isolated genes by DH which were OsGlu1, OsGlu2, OsTLP, OsRLK, and OsPR-10. From our results, both JA and SA are closely related with PR gene expression, and antagonistic effects were observed during signal transduction. However, ABA showed minimal effects on PR gene expression in the SCCs. Based on this, we predict considerable crosstalk between the fungal elicitor, JA and SA as shown in Fig. 5A .
A model showing the interaction between the fungal elicitor and biochemical inhibitors through transcriptional analysis is shown in Fig. 5B . The fungal elicitor may change the cell signaling network in rice SCCs and this signaling may differentially modulate transcriptional levels of PR genes including OsGlu1, OsPR-10, OsTLP, and OsRLK following treatment by biochemical inhibitors. Defense signal transduction is also related to calcium accumulation, which caused the expression of OsGlu2, OsTLP, and OsRLK. Protein dephosphorylation is necessary for the synthesis of OsGlu2. However, the inhibition of protein dephosphorylation caused increased accumulation of OsRLK at the mRNA level. Therefore, the regulation of plant defense signaling is a complex process, related to kinase activation, protein modification, and calcium influx.
